Abstract-Wideband modeling of complex loss-free isotropic RF structures is a challenging task in electrical engineering. This paper presents a new formalism to create compact wideband equivalent models of complex RF structures. In a first step, the complex structure is partitioned into segments. On the basis of the segment's eigenmodes with either vanishing tangential electric or magnetic fields on the boundary and a correction term, systems of ordinary differential equations (ODEs) are derived. In consequence, real eigenvalue problems need to be solved for each segment in addition to the actual field distribution in the segment, which only needs to be computed for a small number of discrete frequency samples for the correction term. Linking the established ODE systems of the segments with a suitable concatenation scheme leads to an ODE system for the entire structure. This system allows the computation of complex structure responses because of transient port excitation and the determination of transient 3-D fields in the structure. As a side product, the frequency-domain transfer function of the complex structure is available. Besides the theoretical derivations, two validation examples for the time-domain scheme are presented. These examples show that the method provides a good approximation of the transient processes in the structures under consideration.
I. INTRODUCTION
T HE investigation of electromagnetic phenomena in isotropic linear loss-free closed regions with waveguide ports, further referred as RF structures, is a common issue in electrical engineering. Besides the fields in the structure, many considerations focus on the relationship between integral port quantities, such as terminal voltages and currents or amplitudes of incident, and scattered waves. Often network matrices are employed to specify the linear relationship between the port quantities in the frequency domain [1] - [3] . Apart from these The cut planes are drawn as dashed-dotted lines. The boundary of the device is plotted as black line and is assumed to be a PEC wall, whereas the dashed lines denote waveguide ports. The structure is filled with an isotropic insulator whose permittivity and permeability are constant.
widely distributed frequency-domain descriptions, the investigation of broadband transient processes related to RF structures is of growing interest [4] - [8] because of, for example, the increase of transmission rates in communication systems. Moreover, transient formulations are needed for the analysis of field filling and defilling processes in RF structures [9] , [10] . In contrast to frequency-domain approaches, Maxwell's equations have to be solved in the time domain with respect to initial conditions in addition to boundary and excitation conditions. This paper presents a new concatenation formalism, leading to a compact wideband time-domain description of lossless linear complex waveguide systems with open ports. In a first step, the complex structure is decomposed into sections with common interfaces (see Fig. 1 ). Based on a small set of eigenmodes of the closed sections and a correction term (both can be determined with numerical codes such as [11] and [12] ), explicit time-domain state-space equations [13] in an impedance formulation are established. These equations, also referred as compact equivalent models of the segments, approximate the dependency of modal voltages on modal currents of each segment. In a further step, the state equations of the segments are linked together using a modification of the procedure for coupled S-Parameter Calculations (CSCs) [14] to obtain a compact time-domain model of the full structure. Finally, the state equations for the concatenated structure are transferred from an impedance formulation into a scattering formulation to guarantee matched waveguide ports. The obtained state-space equations constitute a compact equivalent model of the complex RF structure and enable the fast computation of system responses because of arbitrary transient port stimuli by means of ordinary differential equation (ODE) solvers [15] , [16] . Moreover, the transient 3-D electromagnetic fields in the complex structure, excited by the port stimuli, are explicitly determined.
Similar to CSC and other segmentation methods such as finite-different time-domain (FDTD) diakoptics methods [17] , [18] , the proposed decomposition of the complex structure and the separate treatment of the sections is motivated by the following advantages (see [14] ).
• The numerical treatment of the individual sections is less computationally demanding and can be performed in parallel on different small machines.
• Identical sections need to be treated only once.
• If the complex structure contains segments whose field distributions are available analytically (e.g., waveguides with constant cross sections), the numerical computation of these 3-D field distributions becomes obsolete.
• Often complex structures can be decomposed such that segments show rotational symmetry. In this case, the respective sections can be treated by a 2-D instead of a 3-D solver.
• If the effect of geometric modifications of a segment on RF properties of the entire structure is of interest, the modification's influence can be computed efficiently by the determination of modified structure's RF properties followed by a fast concatenation. In common with CSC, the proposed coupling formalism can also deliver scattering parameters by the determination of the frequency-domain transfer function of full structure's state-space equations. In contrast to CSC, this transfer function is not sampled on discrete frequency points, but is available in terms of a continuous function in the complex angular frequency involving numerically computed coefficients. Therefore, the proposed scheme leads to a reduction of overhead in the coupling procedure as redundant sampling of scattering matrices is avoided. Moreover, in distinction from, e.g., FDTD diakoptics methods, the method presented here avoids the computation of discrete convolutions.
It is spotlighted that theory and application of eigenmode expansions are not new and were successfully applied during the last decades (see e.g., [9] , [10] , and [19] - [29] and references therein). Nonetheless, as far as the authors can determine, it is the first time that a 3-D modal expansion for segments is combined with a 2-D modal port expansion to create compact time-domain models of complex structures. Furthermore, it is remarkable that the entire scheme needs the solution of real eigenproblems for the loss-free segments and works without the usage of absorbing boundary conditions (ABCs) in the 3-D domain, such as perfectly matched layers (PMLs) [30] , [31] , despite the fact that the RF structure is equipped with matched ports in the scattering formulation.
This paper is organized as follows. It begins with the treatment of waveguide boundaries and the definition of modal voltages and currents. The decomposition of the complex structure into segments is then described. This is followed by the derivation of the state-space equations for the segments based on their eigenmodes in Section II-C. In addition, this section presents a modal correction method to improve the accuracy of the state-space systems. Section II-D discusses the concatenation of segment's state-space equations to obtain an equivalent model of the full structure in an impedance formulation. Section II-E shows the transfer of this impedance formulation to a scattering formulation by a fast postprocessing step, whereas Section III describes in detail two proofs of concept for the proposed coupling scheme. Finally, Section IV concludes the present treatise.
II. GENERAL THEORY

A. Waveguide Ports and Modal Voltages and Currents
Obviously, the formal treatment of waveguide ports is essential for the theoretical analysis of RF structures. In this paper it is assumed that energy exchange between the RF structure and its periphery solely takes place through these ports. Moreover, ports are used within the scope of this paper to concatenate the sections of the complex structure (see Section II-B).
In general, amplitudes of incident and scattered waves are port quantities of practical relevance in RF regimes because these quantities can be measured directly using network analyzers. In contrast, port voltages and port currents are uncommon in the RF context, as these quantities are difficult to measure directly.
Nevertheless, the definition of so-called modal port voltages and currents has clear advantages for the theoretical treatment of lossless complex RF structures. First, the well-established network theory for electrical circuits can be employed to connect the segments of the complex structure. Second, the usage of voltages and currents leads directly to an impedance formulation for multiport structures. The advantage of this formulation results from the fact that the energy cannot leave the structure if no external structures (e.g., matching resistances or infinite long waveguides with constant cross section) are connected to its waveguide ports. In consequence, the field energy is trapped in the lossless structure, which leads to the solution of real eigenvalue problems for the orthogonal field expansion. Fig. 2 (a) shows a waveguide boundary connected to an RF structure. Without loss of generality, the coordinate system is chosen such that the waveguide boundary is allocated at and the vector normal to the plane 2-D plane is parallel to the -axis. The orientation of is chosen such that it points into the structure. The contour of the waveguide cross section and the boundary are made of perfect electric conducting (PEC) material. Consequently, the tangential electric fields on these boundaries vanish, on and on (1) where is a unit vector normal to the contour . In contrast to (1), the waveguide boundary is made of perfect magnetic conducting (PMC) material. This material ensures tangential magnetic fields on the port cross section to vanish, on
According to Poynting's theorem, the components of the electric and magnetic fields tangential to are responsible for the longitudinal power flow. Therefore, the total instantaneous power propagating through the considered waveguide boundary into the structure is given by
Here, and denote the transient transversal electric and magnetic fields in the waveguide, which depend on the time and on the transversal spatial coordinates . Starting with Maxwell's equations, it can be shown that the transversal fields in the waveguide can be expressed as a superposition of a complete set of orthonormal field functions [1] , [4] , [32] , [33] 
Moreover, they are constructed from two separate sets [32, p. 814] . For transverse magnetic (TM) modes and transverse electric and magnetic (TEM) modes, 1 these functions are calculated by means of (7) whereas for transverse electric (TE) modes, the vector field functions are obtained by (8) 1 TEM modes only exists if the waveguide cross section is multiply bounded.
Here, is the transverse gradient operator, while the scalar potentials and are eigenfunctions of the transverse Laplace operator on the port cross section with Dirichlet and Neumann boundary conditions, respectively. Therefore, the potentials satisfy the scalar 2-D Helmholtz equation on (9) with the boundary conditions on for TEM modes (10) on for TM modes (11) on for TE modes (12) The quantities and are eigenvalues related to Dirichlet and Neumann boundaries.
It has to be noted that the field functions and and the respective eigenvalues and neither depend on frequency, nor on time, but on the geometry of the waveguide cross section. In consequence, these functions can be used to expand the transversal fields both in the frequency and time domains. Moreover, longitudinal fields in the waveguide are not included in the equations mentioned above, as they do not contribute to the longitudinal power flow. This does not mean that longitudinal fields do not exist in general. Instead, they are determined by the transverse fields via Maxwell's equations.
Inserting the expressions for the transversal electric and magnetic fields (4) and (5) in (3) and exploiting the orthonormality (6) of the field functions gives the total instantaneous power as a function of modal voltages and currents (13) The equation shows that the total power transmitted through the waveguide boundary is the summation of the power contribution of each individual 2-D mode. This is illustrated by the equivalent circuit of the waveguide boundary shown in Fig. 2(b) . Although (13) states that an infinite number of 2-D waveguide modes is regarded at the waveguide boundary in general, often it is enough to consider only a few waveguide modes, as only a limited number can propagate through the waveguide boundary in a finite frequency interval.
Furthermore, Fig. 2 makes evident why PMC material is chosen for the waveguide boundary as this material ensures vanishing tangential magnetic fields on [see (2)]. On account of the orthogonality of the expanding functions, the tangential magnetic fields are only zero if the modal currents are equal to zero [see (5) ]. This directly corresponds to the equivalent circuit in Fig. 2(b) , as the currents have to be zero at the terminals as well, if no external network devices (e.g., current sources or impedances) are connected.
After defining modal voltages and currents in terms of power transmitted to the waveguide boundary, it is important to illustrate the excitation of fields by impressed electric currents. Schelkunoff's surface equivalence theorem [33] is employed to model excitation sources, which are mounted at the waveguide Fig. 3 . Example of the equivalent network of the cut plane between sections 2 and 3 (refer to the decomposition of the complex structure shown in Fig. 1 ). By way of illustration, three waveguide modes are considered at the sketched cut plane.
ports of the structure. According to the theorem, the th port mode can be excited by a transient electric current density on the cross section of the waveguide boundary . This current density is determined by the modal transverse magnetic field via (14) where is the Dirac delta function. By using the definition of in (5), this reduces to (15) It is annotated that the excitation of the currents corresponds to current sources with infinite internal resistances connected to the terminals of the equivalent circuit in Fig. 2(b) . Fig. 1 shows the decomposition of a complex structure into sections by means of cut planes (dashed-dotted lines). In contrast to mode-matching techniques, the cut planes are located at regions of constant cross section and not at discontinuities of the structure. At each cut plane, waveguide ports corresponding to the transverse fields in the cut plane are assigned. For further considerations, it is important to note that ports arising by the decomposition are referred to as internal ports, whereas outer ports of the entire structure (located at the dashed lines) are referred to as external ports. Fig. 3 illustrates the network equivalent of the cut plane between sections 2 and 3 of the complex structure given in Fig. 1 . Notice that the same number of 2-D port modes has to be assigned on cut planes to be coupled. In Fig. 3 , three considered waveguide port modes are drawn as an example. The modal voltages and currents are denoted by and , where is the index of the segment and is the index of the considered 2-D port mode at segment . The 2-D port modes of the segments indexed by need not be localized at the same waveguide (or cut plane) of the segment, as assumed in Section II-A. Instead, the index runs over all port modes of each individual segment.
B. Decomposition of RF Structure Into Sections
However, for decomposed structures, it is crucial to discuss how many port modes have to be used for the 2-D orthogonal expansion in the cut plane. Although there is no closed formula for this number, it is required to regard at least all waveguide modes, which can propagate in the frequency range of interest. Furthermore, a set of evanescent 2-D port modes has to be included. The number of evanescent waveguide modes needed at the cut planes depends on the length of constant cross section backward and forward of the cut planes. As point of reference, it can be stated that for a large length of constant cross section, a less number of evanescent modes needs to be contemplated. Actually, the number of considered 2-D modes at the cut planes has to be determined by a convergence study in practice.
C. Dynamic Description of Sections
To derive a dynamic description of each individual section, the wave equation for a charge-free domain , which is filled with a homogeneous isotropic insulator, is taken as a starting point (16) In the equation, denotes the vector Laplace operator, and denote the permittivity and permeability of the insulator, denotes the electric field strength, and denotes the impressed electric current density on the waveguide port surfaces. Field strength and current density depend on the 3-D space coordinates and the time . For the sake of brevity, this subchapter does not distinguish between different sections of the complex structure. In consequence, the segment indices are omitted in the equations.
For electric fields in the wave equation (16), the truncated series expansion (17) is chosen. Here, is the transient 3-D electric-field distribution in the segment based on eigenmodes, is a timedependent modal weighting factor, is the field distribution of the th 3-D eigenmode of the individual segment, and is the number of 3-D modes considered. Actually, for a complete eigenmode expansion, an infinite number of modes has to be taken into account, i.e.,
. As the field distributions of these modes are not available in an analytical form for arbitrary structures in general and as dealing with an infinite number of modes is virtually impossible, the expansion has to cease after a finite number of terms. Therefore, is only an approximation of the actual transient electric fields in the segment.
Substituting the electric field in the wave equation (16) by the ansatz (17) results in (18) It is crucial to note that the field distributions of the eigenmodes satisfy the 3-D Helmholtz equation on (19) with the boundary conditions on (20) on (21) Here, denotes the wavenumber and denotes the resonant angular frequency of the th eigenmode. The boundary condition (20) directly corresponds to (1), whereas the statement (21) corresponds to (2) .
Note that, similar to the 2-D Helmholtz equation (9), the 3-D Helmholtz equation (19) only depends on the shape of the segments and not on frequency or time. Consequently, the 3-D modes can be used for an expansion in the frequency and time domains.
By employing the property (19) of the eigenmodes , the partial differential equation (18) is reduced to the ODE (22) Next, (22) is multiplied with the th eigenmode and integrated over the volume (23) Subsequently, the orthogonality of the 3-D eigenmodes [34] if if (24) where indicates the energy stored in the th mode, is used to simplify the summation on the left-hand side of (23). All contributions of this summation are zero for so that only the term for remains,
The current density can be expressed as a superposition of impressed excitation current densities of all waveguide port modes of the segment [see Section II-A, (15)] (26) The substitution of the excitation current density (26) in the right-hand side of (25) simplifies the volume integration to a surface integration (27) as the impressed current densities (15) are unequal to zero only on the waveguide boundaries . The constant describes the interaction between the th 3-D eigenmode and the excitation current density of port mode and denotes the transverse spatial coordinates.
By utilizing (27) , the equality (25) can be written as (28) The integration of this equation with respect to time yields (29) where (30) The integration constants are set to zero, as it is assumed that the excitation currents are zero at the initial time .
Equations (29) and (30) 
This representation is commonly known as state equation with the state , the state matrix , the input matrix , and the input [13] . For deriving the relationship between the voltages at the ports of the segment and its inner state, the modal voltage definition (4), orthonormality condition (6), and modal ansatz (17) are combined to obtain (32) Writing (32) for all considered eigenmodes and all ports leads to the so-called output equation [13] . whose antisymmetric state matrix contains coefficients with similar order of magnitude and whose output matrix is the input matrix transposed. It should be noted that the relationship between the excitation currents and the voltages is invariant with respect to state-space transformations.
2) Modal Correction of State-Space System:
The derived state-space system describes the dynamic behavior of the segment only in a finite frequency interval as only a finite number of modes is used for the modal expansion (17) . In, for example, [24, p. 511-512] , it is shown that the eigenfrequencies directly correspond to poles of the transfer function of the state-space equations (36) and (37) (38)
Here, specifies the identity matrix, specifies the complex voltages, specifies the complex currents, and specifies the commonly known frequency-dependent 2 If static modes ( ) have to be considered in the expansion (17), the redundant rows and columns in , , and are deleted to avoid divisions by zero and to reduce the dimension of the state-space equations.
impedance matrix of the segment determined by the eigenmodal expansion. As eigenfrequencies correlate to poles, it is absolutely essential to consider at least all 3-D eigenmodes whose eigenfrequencies are in the frequency range of interest, i.e., [25] . Nevertheless, the system behavior in this interval is still influenced by lower or higher order modes, which are not considered in the truncated series expansion (17) . This is expressed in the frequency domain by (39) where denotes the actual complex electric-field distribution in the segment and denotes a correction term, which accounts for the missing modes in (17) [22] - [25] . The correction term is smooth and finite in the frequency range of interest [25, p. 52] . By employment of a frequency-domain field solver (e.g., [11] and [12] ), is computed comparably fast on a few ( 10) discrete frequency samples for each segment. In consequence, each segment's correction term can be determined easily on these sampling points [22] , [23] . Subsequently, a system identification technique (a modification of [35] ) is used to find the properties , , and of nonphysical 3-D correction modes with the indices . These modes account for the influence of the not considered 3-D eigenmodes in (17) . Finally, the state matrices in (36) and (37) 
The transfer function of the enhanced, and therefore, corrected state-space system is a good approximation of the actual impedance matrix of the segment
In contrast to the poles of the transfer function , its roots are not located correctly in the frequency interval of interest due to the truncated series expansion. As the correct loca-tion of the roots is crucial for a valid dynamical description of the segments, the application of the proposed modal correction method is mandatory.
D. Coupling of Segments
To concatenate the sections of the decomposed structure to the full structure, the state matrices and are equipped with the segment index . In consequence, the dynamic properties of the th segment are described by 
The index denotes the total number of 2-D port modes of the th segment. Now, the state equations (45) 
The ordering of the currents in and the voltages in is referred to as canonical ordering. This ordering is modified by a permutation matrix such that
The permutation matrix has one coefficient equal to one in each row and in each column, while the remaining coefficients are equal to zero. The vectors and collect the port quantities of the internal ports, whereas the vectors and embrace the port quantities, which belong to the external ports. Recall that internal ports are allocated at the cut planes, which are used to decompose the full structure (see Section II-B). In contrast, external ports are ports used to excite the concatenated structure.
However, it is crucial to note that the vectors holding the internal quantities are organized such that quantities belonging to connected ports are listed below each other. For the setup sketched in Fig. 3, this reads In a next step, the orthogonality of the permutation matrix is exploited and the canonical quantities in (48) and (49) To split these equations, the matrix is segmented as follows:
The block is chosen to have columns and the block to have columns. Replacing the respective matrix in (53) and (54) gives (56) (57) (58) To substitute the internal currents in (56), Kirchhoff's laws are used. 3 Apparent from the current law, the currents of ports connected to each other have the same magnitude, but a different sign (see directions of currents in Fig. 3 ). As currents of ports to be coupled are listed below each other, it is possible to express the internal port currents by (59) where (60) and is a vector containing the currents flowing through the coupled ports. Substituting (59) in (56) which can be used to replace the internal quantities in (61) to obtain the state equation (65) where (66) It is worth mentioning that the matrix is symmetric and idempotent . Therefore, the mapping in the right-hand side of (65) constitutes an orthogonal projection of the vector in the square brackets into the null space of . In other words, (65) expresses that the system is only allowed to move on a subspace of such that the algebraic constraint (62) is fulfilled. To delete the resulting redundant states in , the orthonormal basis for the kernel of , Null with (67) is chosen to express in terms of a reduced (redundant free) state vector (68) By the substitution of (68) in (65) and (58), redundant states vanish and the state-space equations (69) (70) are established. These equations describe the transient properties of the concatenated structure in an impedance formulation. The response of external port voltages because of arbitrary current stimulus in combination with the initial condition can be computed by means of standard ODE solvers [15] , [16] . In addition, the transient electric fields in the complex RF structure are assessable by the expansions for the segments (17) based on the respective 3-D eigenmodes and the nonphysical 3-D correction modes.
Similar to the method proposed in [14] , the introduced coupling formalism is not restricted to any special topology (e.g., a chain of segments). As a side product, there is no limitation on the number of considered waveguide port modes for the orthogonal 2-D expansion at the cut planes.
E. Transfer From -to -Parameter Representation
As mentioned in Section II-A, scattering properties are more commonly used for describing RF structures. Thus, the impedance formulation (69) and (70) is transferred to a scattering formulation by replacing external voltages and currents of the coupled structure by amplitudes of incident and scattered waves. Consequently, the relationships (71) (72) are recalled [2] , [3] , where (73) collects the amplitudes of the incident waves, (74) collects the amplitudes of the scattered waves, and (75) is a diagonal matrix holding the port impedances of the external waveguide ports of the concatenated structure. Notice that the time-domain formulation (71) and (72) is restricted to real and frequency-independent impedances . This condition is typically fulfilled for impedances of lossless TEM port modes.
Combining (71) and (72) with the state equations (69) and (70) yields (76) and (77) This state-space system describes the dynamic scattering properties of the concatenated structure, whose waveguide ports are terminated with their respective port impedances. Similar to (69) and (70), the transient amplitudes of the scattered waves , because of stimulating incident waves , can be determined via ODE solvers based on the initial condition . For later validation of the presented concatenation scheme (see Section III), the frequency-domain transfer function between scattered and incident waves is of interest. Based on (76) and (77), this transfer function is given by (78) where is the commonly known scattering matrix of the concatenated structure.
III. VALIDATION EXAMPLES
To demonstrate the validity of the proposed scheme, two examples are presented. The first example is a fundamental proof of concept and works without the usage of numerically computed eigenmodes. The second example shows a more sophisticated structure, where a closed analytical solution is not available and the segments are not arranged in series.
A. Coaxial Cable
First, the presented scheme is tested by decomposing a lossless coaxial cable with constant cross section into four segments. The cable itself is by far not a complex structure as the scattering behavior (in frequency and time domains), and the eigenmodes of the segments can be determined analytically. Therefore, the entire consideration is free of errors arising from numerical computations of, for example, segment's eigenmodes or transient system responses of the full structure for comparison. Consequently, the coaxial cable is well qualified for an initial benchmark of the introduced concatenation scheme because the results delivered by the new method can be directly compared with analytical results. Furthermore, the matched coaxial cable constitutes a worst case scenario for the scheme, as it does not show any resonant behavior. Thus, this validation example provides principal evidence for the extent to which broadband (19)- (21). Moreover, they are used to expand the transient fields in a cable segment. The discrete frequency of the th mode in the th segment is given by , where is the speed of light in vacuum, is the velocity factor of the cable, and is the length of the th cable segment.
structures can be accurately modeled based on eigenmodes with discrete (zero bandwidth) eigenfrequencies. Fig. 4 shows the decomposition of the example structure into four sections. The entire cable (upper sketch) has a length of cm and a wave impedance of . The velocity factor of the cable is . The four cable segments have the same properties apart from their different lengths. The lengths of the first three segments are chosen randomly (in fact, the authors' years of birth) to ensure that these are not multiples of the length of the entire cable: cm cm cm. The length of the fourth segment is then given by cm. The compact models of the concatenated cable segments in a scattering formulation [see (76) and (77)] are established for different numbers of 3-D eigenmodes per segment (refer to Fig. 5 for a sketch of the field distributions of the first four 3-D eigenmodes with a discrete resonant frequency). This enables the investigation of the model accuracies that are dependent on the number of considered 3-D eigenmodes. At the external ports and at the cut planes, only the TEM-like 2-D waveguide port mode is regarded (see Fig. 6 for details) . Moreover, the actual electric field distribution of each cable segment is computed on ten equidistant frequency samples to determine the correction matrices and for each section by a system identification process (see Section II-C.2). These matrices are related to nonphysical 3-D correction modes.
1) Frequency-Domain Validation:
To benchmark the created compact models, the transfer function [see (78)] is computed from MHz to MHz on 1001 discrete frequency samples. MHz. The port mode satisfies (9) and (10). The 2-D port mode is used to excite the full structure (outer ports) and employed to ensure fields on the cut planes to be continuous (inner ports). From transmission line theory [3] , it is well known that the transmission coefficients of a lossless coaxial cable with constant cross section and the length are given by (79) where is the speed of light in vacuum. Moreover, the reflection coefficients of the cable are equal to zero, i.e., . Table I shows the maximal absolute error in the transmission and reflection coefficient obtained by the concatenation scheme depending on considered 3-D eigenmodes per cable segment. It is remarkable that already 3-D eigenmodes per segment used for the expansion (17) in addition to nonphysical 3-D correction modes per segment lead to a good approximation of the dynamic properties of the concatenated structure. Fig. 7 shows the frequency-dependent transmission factor (dashed line) and reflection factor (solid line) for considered 3-D eigenmodes and nonphysical 3-D correction modes per segment as an example. Here, the number of 3-D modes is chosen as a compromise between the size of the compact model and its accuracy. It is ob- (only every tenth sample is plotted).
servable that the transmission factor is 0 dB over the entire frequency range, whereas the maximal reflection is in the order of 78 dB. This reflection is an artifact of the proposed scheme and can be further reduced if more 3-D eigenmodes are employed for the expansion (refer to modal convergence study recorded in Table I) .
2) Time-Domain Validation: For time-domain validation, the concatenated cable is excited at the left port with a Gaussian pulse. The system responses in terms of reflected and transmitted wave amplitudes are computed by means of a compact model ( 3-D eigenmodes plus nonphysical 3-D correction modes per segment are regarded) and MATLAB's [16] ODE solvers. As discussed in Section III-A.1, the signal reflected to the left port is equal to zero, i.e., . Moreover, the incident signal at the left port appears as scattered signal with the same shape after ns at the right port of the cable: 4 (80) Fig. 8 shows the excitation pulse with a center frequency of MHz and a dB frequency range from to (dashed line). The transmitted signal computed by the compact model in combination with an ODE solver is plotted as a solid line. The reference signal is indicated by crosses (only every tenth sample is plotted). These last two curves agree remarkably well and their maximal absolute deviation is given by (81)
Although
is not plotted, the absolute value of the maximal (artificial) reflection in the left port is (82)
B. Waveguide Power Distribution Network
This section describes the generation of a compact time-domain model for a waveguide power distribution network, which Fig. 9 . The power supply is connected to the probe antenna at port 1. The structure is employed to uniformly distribute the power to the remaining four ports. The entire system is designed to operate at a center frequency of GHz. Fig. 10 shows the decomposition of the waveguide power distribution network into individual elements, namely, the waveguide bending, waveguide antenna probe, and 3-dB power splitter. is the time consumption of the eigenmode computation, and is the time to determine the 2-D port modes and the 3-D correction modes. For the calculation of the nonphysical 3-D correction modes for the bending and the antenna probe, ten actual field distributions are sampled in the interval of interest, whereas for the 3-dB splitter, 15 field distributions are sampled. The numerical computations presented in Table II are performed on an Intel Xeon CPU X5677 @ 3.47-GHz processor with a RAM size of 64 GB. It is worth mentioning that the two waveguides with constant cross section, which arise from the decomposition of the full structure, are neither shown in Fig. 10 , nor listed in Table II because their state matrices can be generated using analytical methods. As a matter of fact, it is sufficient for the investigated frequency interval to regard only the 2-D . The solid black line shows the transmission obtained by the proposed scheme, whereas the grey dashed curve shows the transmission computed by CST Microwave Studio directly.
port mode with the lowest cutoff frequency (namely the ) at the cut planes to combine the individual segments. Consequently, the bending has ports, the 3-dB power splitter ports, and the antenna probe ports, whereas one port of the antenna probe is an external TEM port. According to Table II, the total time for the generation of the compact model is 21 min and 53 s.
1) Frequency-Domain Validation:
To validate the generated compact model of the power distribution network, the transfer function (78) is sampled from GHz to GHz on 1001 equidistant frequency nodes (the duration of computation is 4 s). The solid black line in Fig. 11 shows the transmission factor as an example for the scattering parameters computed by means of the generated compact model. In the interval from 5 to 5.5 GHz, the transmission coefficient has an almost frequency independent value of 6 dB. For the sake of comparison, the entire waveguide power distribution network is discretized as a whole using CST Microwave Studio. In a next step, the scattering parameters of the entire structure are computed directly using the Resonant: Fast S-Parameter Solver, Field Solver (the duration of computation is 1 h 41 min and 24 s). 5 The grey dashed curve in Fig. 11 depicts the transmission coefficient resulting from the CST computation. It is observable that the curves obtained by the proposed scheme and by the commercial solver show a good agreement in a large frequency interval. As one central result, the scattering parameter computation by means of the proposed scheme is performed in 22 min instead of 1 h 41 min.
2) Time-Domain Validation:
To show the validity of the generated compact model in time domain, port 1 is excited by a Gaussian pulse with a frequency range from 5 to 5.5 GHz. The solid black curve in Fig. 12 shows the excitation pulse. The response due to this transient excitation is computed by means of the compact model in combination with MATLAB's ODE solvers (the duration of computation is 0.55 s). The grey solid curve in Fig. 12 shows the signal scattered in port 4 based on the computation employing the compact model. The black dotted curve is generated by means of the discretization of the whole structure in combination with the Transient Solver of CST Microwave Studio (the duration of computation is 17 min 59 s). In fact, the plotted transient responses agree in a very reasonable manner. Considering the time consumption for both methods, it is obvious that the application of the scheme is not recommended if only the response of one transient excitation is of interest because the generation of the compact model is more time consuming than the determination of one system response employing the Transient Solver of CST Microwave Studio. However, the application of the proposed method becomes convenient if system responses due to a family of different excitation signals need to be computed. This can be the case if, for example, control algorithms for RF control systems have to be designed.
IV. CONCLUSION
In this paper, a method for the creation of compact wideband equivalent models for RF structures is presented. Based on a comparably small set of real eigenmodes of segments of the decomposed structure in combination with a correction term involving the actual field distributions of the segment (computed on very few frequency samples), state-space equations for each segment are derived (Sections II-A-II-C). These equations are combined by a concatenation scheme, which is neither restricted to special topologies, nor to specific numbers of 2-D port modes considered at the cut planes (Section II-D). The coupling scheme delivers state-space equations in an impedance form for the full structure. These can be easily transferred to a scattering formulation assuming constant port impedances (see Section II-E). The proofs of concept in the frequency and time domains are presented in Section III. These proofs show that the proposed formalism leads to accurate wideband models of the RF structure with open ports.
Although not presented in this paper, the proposed scheme is also validated by means of a nontrivial multimodal coupling example related to particle accelerators [36] .
